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I .  INTRODUCTION 


Rubidium  (Rb)  frequency  standards  typically  employ  Rb  electrodeless 
discharge  lamps  to  supply  the  light  needed  for  optical  pumping,  a  process 
central  to  the  operation  of  the  standard.  The  standard's  reliability  has 
been  shown,  in  a  number  of  instances,  to-be  limited  by  the  reliability  of 
the  discharge  lamp  (Ref.  2).  In  satellite  applications,  such  as  the  global 
positioning  system  (GPS),  standard  reliability  is  of  the  utmost  impor¬ 
tance.  Consequently,  Rb  discharge  lamp  reliability  is  of  great  concern. 

One  goal  of  The  Aerospace  Corporation's  atomic  clock  research  program  has 
been  to  ensure  the  reliability  of  the  lamps  employed  in  satellite- 
compatible  Rb  frequency  standards. 

A  typical  Rb  discharge  lamp  is  illustrated  in  Fig.  1.  Composed  of  an 
alkali-resistant  glass  envelope,  the  lamp  contains  an  initial  Rb  fill  of 
hundreds  of  micrograms.  An  unlimited  amount  of  Rb  cannot  be  placed  in  the 
lamp  because  of  concern  over  the  stability  of  the  lamp's  output 
intensity.  To  allow  the  radio  frequency  (rf)  discharge,  several  torr  of  a 
rare  gas  are  also  placed  within  the  glass  envelope.  Lamp  failure  is 
indicated  when  the  Rb  resonance  radiation  required  for  optical  pumping  is 
no  longer  emitted  by  the  discharge.  In  a  previous  publication  (Ref.  1),  a 
very  detailed  analysis  of  the  causes  of  Rb  lamp  failure  was  presented. 
Briefly,  the  metallic  Rb  initially  placed  in  the  lamp  was  found  to 
disappear  during  operation.  The  major  metallic  Rb  loss  mechanism  is 
diffusion  of  Rb  into  the  lamp's  glass  walls.  A  less  significant  loss 
resulted  from  an  initial,  and  presumably,  instantaneous,  reaction  between 
Rb  and  impurities  within  the  lamp's  envelope.  The  rate  of  Rb  loss,  or  its 
consumption  C,  was  well  modeled  by  an  equation  of  the  form 

C  =  A  +  B  /T  (1) 

where  T  is  lamp  operating  time  and  A  and  B  are  empirical  parameters  deter¬ 
mined  by  monitoring  the  loss  of  metallic  Rb  during  lamp  operation  (Ref.  1). 


5 


Fig.  1.  Schematic  Drawing  of  a  Rubidium  Discharge  Lamp.  The  internal 
surface  areas  of  the  Corning  1720  glass  lamps  studied  are 
approximately  60?  those  of  the  Schott  8*436  glass  lamps 
investigated. 
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To  extract  A  and  B,  consumption  data  vs  operating  time  is  fit  to  Eq.  (1) 
using  a  least-squares  procedure.  The  first  term  on  the  right-hand  side  of 
Eq.  (1)  reflects  the  rapid  reactive  loss  of  Rb,  whereas  the  second  term 
results  from  the  more  gradual  diffusive  loss  mechanism. 

Once  A  and  B  have  been  determined  for  a  particular  lamp  design, 

Eq.  (1)  can  be  employed  to  predict  Rb  consumption  for  any  period  of  lamp 
operation.  Based  on  the  consumption  data  available  at  the  time  of 
reference  1,  Eq.  (1)  appeared  to  describe  the  consumption  process  very 
accurately.  As  more  data  have  been  obtained,  it  appears  that  the  reactive 
loss  mechanism  is  not  truely  instantaneous  but  occurs  over  a  period  of 
months.  In  this  report,  we  analyze  Rb  consumption  data  treating  A  as  a 
time-dependent  quantity.  We  find  that  long-term  consumption  predictions 
then  become  less  sensitive  to  the  amount  of  data  analyzed,  and  more 
accurate  projections  can  often  be  made  employing  less  data.  Also,  we  find 
that  when  limited  amounts  of  consumption  data  are  used,  Eq.  (1)  typically 
tends  to  overestimate  long-term  Rb  consumption.  Equation  (1)  is  then 
conservative  and  still  adequate  for  lamp  reliability  predictions. 

In  Section  II,  the  observations  that  lead  to  a  time-dependent  A  are 
discussed.  The  statistics  of  the  modified  consumption  model  are  developed 
in  Section  III  and  applied  to  experimental  data  in  Section  IV.  Conclusions 
are  presented  in  Section  V. 
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II.  OBSERVATIONS  THAT  LED  TO  A  RECONSIDERATION 
OF  THE  CONSUMPTION  EQUATION 


Many  of  the  Rb  discharge  lamps  being  tested  at  Aerospace  have  been 
operated  continuously  for  several  years,  with  interruptions  only  for  the 
acquisition  of  consumption  data.  The  method  for  acquiring  the  consumption 
data  has  been  previously  described  (Ref.  1),  and,  for  the  purposes  of  this 
discussion,  is  not  important.  As  data  were  accumulated  and  subsequently 
fit  to  Eq.  (1),  certain  trends  became  evident.  The  value  for  the  intercept 
A  obtained  from  the  fitting  procedure  appeared  to  be  decreasing 
monotonically .  In  addition,  this  decrease  over  time  appeared  to  be 
asymptotic  with  respect  to  some  final  values  for  the  intercept  A  and  the 
slope  B.  Table  1  lists  the  intercepts  and  slopes  of  Eq.  (1)  for 
consumption  data  from  four  GPS-style  Schott  8436  lamps  produced  by  Efratom, 
a  Division  of  Ball  Corporation,  and  six  Corning  1720  lamps  produced  by 
EG&G ,  Electronic  Components  Division.  For  the  EGAG  lamps,  A  appears  to  be 
rising  to  some  value  around  19  or  20  ug,  whereas  B  is  falling  to  a  value 
near  0.15  wg/Vh.  For  the  Schott  lamps,  it  appears  possible  that  A  may 
eventually  surpass  20  ug,  and  B  may  fall  below  0.4  yg//h.  Note  that  the 
changes  are  generally  smaller  as  more  data  are  included  into  the  fit,  for 
both  Corning  1720  and  Schott  8436  lamp  data.  Thus  the  A's  and  B's  appear 
to  be  asymptotically  approaching  some  final  values. 

One  way  to  readjust  Eq.  (1)  to  reflect  the  observed  trends  is  to 
introduce  a  time  dependence  for  both  A  and  B,  so  that  Rb  consumption  C  = 
A(T)  +  B(T)  /T.  However,  the  model  equation  is  directly  related  to  simple 
diffusion  theory,  in  which  M,  the  amount  of  material  consumed,  is  given  by 
M  =  2ACQ  /(w/D),  where  A  is  the  surface  area,  CQ  is  the  density  of  the 
penetrating  species  at  the  glass  surface,  and  D  is  the  diffusion 
coefficient  (Ref.  3).  B,  in  principle,  is  equal  to  2AC0  /(w/D) .  Neither 
the  surface  area  nor  the  diffusion  coefficient  has  a  clear  time 
dependence.  The  density  of  the  penetrating  species,  Rb  metal  in  the  vapor 
phase,  should  remain  constant  at  the  glass  surface,  as  long  as  there  is  Rb 
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Table  1.  Consumption  Parameters,  A  and  B,  as  Functions  of 
Increasing  Periods  of  Lamp  Operation 


Efratom  Schott  8436  Glass  Lamps 

For  data  taken 
to:  (yr) 

A  (yg) 

B  (yg//h) 

0.80 

-2.6±5.9 

0.8641.122 

1.14 

-5.0±5.6 

0.9301.100 

1.71 

-3.815.5 

0.9021.086 

2.28 

8.4±6. 1 

0.6381.081 

3.43 

12.8±5.9 

0.5501.069 

4.00 

15.215.5 

0.5061.057 

4.57 

18. 1±5.4 

0.4561.050 

EG&G  Corning  1720  Glass  Lamps 


For  data  taken 
to:  (yr) 

A  (yg) 

B  (yg//h) 

0.29 

13.3*2.9 

0.3411.093 

0.46 

14.112.5 

0.3041.069 

1.37 

1 5 . 3*2 . 0 

0.2611.047 

2.06 

16.7*1.7 

0.1811.030 

2.28 

18.3*1.4 

0.1761.020 

2.85 

18.2H.4 

0. 1811.019 

3.20 

18.711.3 

0.1681.016 
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metal  left  in  the  liquid  reservoir  of  the  lamp  to  constantly  supply  the 
vapor.  Only  at  failure,  when  all  the  Rb  metal  in  the  liquid  reservoir  is 
gone,  would  the  constancy  of  the  penetrating  species  not  be  met.  It  would 
not  be  consistent  with  this  model  to  assume  a  time  dependence  for  B. 

In  contrast  to  B,  it  is  reasonable  that  A  would  have  some  time 
dependence.  A  represents  the  amount  of  metallic  Rb  lost  through  a  reaction 
of  the  form 


Rb  ♦  I  -X  Rbl  (2) 

where  I  represents  impurities  within  the  lamp  at  its  fabrication,  Rbl  is  a 
nonvolatile  reaction  product,  and  k  is  the  reaction  rate  constant.  While 
this  reaction  was  initially  assumed  to  be  instantaneous,  this  is  not 
necessarily  the  case.  With  the  concentration  of  Rb  within  the  lamp 
constant,  the  time  dependence  of  the  amount  of  I  is  given  by 


(3) 


with 


D  =  k  [Rb] 

where  the  brackets  imply  the  amount  of  a  particular  species  within  the  lamp 
and  the  subscript  zero  indicates  initial  amount.  The  time  dependence  of 
the  amount  of  metallic  Rb  lost  through  Eq.  (2)  is  then  given  by 

A(t)  =  A'  (1  -  e"DT)  (4) 

where  A'  represents  the  total  amount  of  Rb  lost  through  reaction.  The 
expanded  consumption  equation  is 
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(5) 


C  =  A' ( 1  -  e*DT)  +  B'/T 

Subsequently,  this  equation  will  be  used  to  analyze  consumption  data 
initially  studied  using  Eq.  (1).  We  now  need  to  introduce  the  statistical 
procedures  by  which  the  parameters  and  the  performances  of  Eqs.  (1)  and  (5) 
can  be  compared. 
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III.  CONSUMPTION  STATISTICS 


Practical  lamp  reliability  analyses  use  Rb  consumption  data  obtained 
over  limited  periods  of  lamp  operation,  in  order  to  predict  long-term 
consumption.  We  wish  to  obtain  most-probable  Rb  consumptions  and  their 
variances  for  any  operating  times.  Equation  (1),  which  may  be  put  in  a 
linear  form,  can  be  analyzed  using  normal  linear  least-squares 
techniques.  However,  Eq.  (5)  cannot  be  put  in  linear  form  and  requires  a 
more  sophisticated  analysis.  We  employ  a  general  approach  applicable  to 
both  equations. 

Let  Cj  be  a  consumption  measurement  made  after  a  lamp  operating  time 
t^.  Let  p  be  the  number  of  such  measurements  made.  The  functional  form  to 
which  the  measurements  will  be  fit  is  C(t)  =  f(ak,t),  where  ak  represents 
the  parameters  of  interest.  Assuming  the  measurements,  C it  are  Gaussian 
distributed  with  standard  deviations  a  likelihood  function,  L,  may  be 
written^’ ^ 


L 


n  -r -  exp  {-[C.  -  C(t.)]2/2o  2} 

i  =  1  /2*  o. 


(6) 


Setting  W  =  ln(L),  we  find 


P 

W  =  -  4  M  -  l  In  (/2»  o.) 
*  i  =  1 


with 


P 

M  =  l  [C.  -  C(t  )]2/o 
i=  1  1 


2 

i 


(7) 


The  "best"  parameter  values,  a^,  are  solutions  of  the  set  of  equations 
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(8) 


The  least-squares  variances  for  the  a^  are  given  by 


(a  -  a*)  (a  -  a*)  =  (H"1).,,, 

l  l  m  m  jtro 


(9) 


where  the  bar  implies  averaging  over  many  sets  of  consumption  measurements, 
each  yielding  a  set  of  parameters,  a>,.  (H~  )  is  the  fc-th  row,  m-th 

column  element  of  the  k-row  by  k-column  matrix,  whose  inverse  has  elements 
defined  by 


H  .  1  i!m _ 

rs  "  2  3a„  3a 

r  s 


(10) 


Another  quantity  of  interest  is  the  variance  for  a 

— * 

at  a  time  tp.  The  predicted  consumption  is  C  (t  ), 

V  Jj  c  ^ 

while  its  variance  at  tp  is  specified  by 


predicted  Rb  consumption 

« 

equal  to  f(a  ,t  ) , 


=  I  l 


C  (tp>  »  m 


aC(  V  aC(tp)  (H_1) 


3a, 


3a. 


tm 


m 


(11) 


The  quantity  that  is  of  most  interest  in  making  a  lamp  life  prediction  is 
the  Rb  consumption  Cp  at  tpf  specified  with  a  certain  confidence.  Based  on 
the  normal  distribution,  a  90%  confidence  that  a  lamp  will  consume  no  more 
than  Cp  results  if 


C  s  C*(t  )  ♦  1.282  o  . 

p  p  c  <y 
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(12) 


All  of  the  analysis  done  in  this  report  is  on  the  collective  body  of 
consumption  data  for  a  particular  type  of  lamp.  That  is,  all  consumption 
data  for  GPS-style  Schott  8436  lamps  are  lumped  into  one  data  set,  as  are 
all  the  consumption  data  for  the  Corning  1720  lamps.  While  it  is  possible 
to  analyze  each  lamp  individually,  we  have  chosen  to  maintain  consistency 
with  the  previous  analysis  (Ref.  1). 


IV.  APPLICATION  OF  RUBIDIUM  CONSUMPTION  FITTING 
TECHNIQUES  TO  LAMP  DATA 


The  EG4G  1720  glass  lamp  consumption  data  were  analyzed  using  the 
techniques  presented  in  Section  III.  In  Table  2,  the  parameter  values  for 
Eqs.  (1)  and  (5)  for  various  lengths  of  analyzed  data  are  presented. 
Additionally,  the  most  probable  and  the  90}  confidence  level  consumptions 
have  also  been  projected  for  11  years  of  operation.  While  A  and  B  display 
clear  trends  as  lamp  operating  times  are  increased,  no  such  trends  are 
apparent  for  A',  D,  and  B' .  This  gives  us  confidence  in  our  supposition  of 
a  time-dependent  reactive  consumption  mechanism.  The  most  probable  11-year 
consumptions  also  show  similar  behaviors.  For  these  lamps,  Eq.  (5),  using 
data  based  only  on  one-half  of  a  year's  lamp  operation,  yields  accurate 
long-term  projected  consumption.  For  Eq.  (1)  to  yield  similar  most- 
probable  consumptions,  2  years  of  lamp  operation  are  required.  In  Fig.  2, 
fits  to  0.29  and  3.20  years  of  consumption  data  for  both  equations  are 
presented.  As  expected,  fits  resulting  from  Eq.  (5)  do  not  change 
significantly  between  the  two  operating  times,  whereas  Eq.  (1)  fits  show 
clear  variations.  The  knee  in  the  Eq.  (5)  fits,  occurring  at  about  500  to 
1000  h  of  operation,  results  from  the  completion  of  reactive  consumption 
and  growth  of  the  diffusive  process.  In  terms  of  90J  confidence  limits, 
both  equations  yield  similar  predictions.  The  reason  for  this  apparent 
contradiction  is  that  the  uncertainties  associated  with  the  Eq.  (5) 
analysis  are  typically  greater  than  those  resulting  from  an  analysis  based 
on  Eq.  (1).  If  the  additional  parameter  in  Eq.  (5)  is  included,  more  data 
are  needed  to  obtain  consumption  predictions  with  levels  of  confidence 
similar  to  those  resulting  from  Eq.  (1). 

The  same  analyses  were  applied  to  the  Schott  8436  glass  lamp  consump¬ 
tion  data.  The  results  are  summarized  in  Table  3.  The  trends  displayed  by 
the  parameters  associated  with  Eq.  (1)  are  the  same  as  the  trends  displayed 
by  the  Corning  1720  glass  lamps.  Using  Eq.  (5),  meaningful  fits  did  not 
result  until  after  4  years  of  data  had  been  analyzed.  The  reason  is 
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Table  2.  Analysis  of  Corning  1720  Glass  Lamps'  Consumption  Data 
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Fig.  2. 


Most-Probable  Rubidium  Consumptions  vs  Lamp  Operating  Time  for 
Corning  1720  Glass  Lamps  Based  on  the  Standard  Model,  Eq.  (1) 
(dashed  line),  and  the  Expanded  Model,  Eq.  (5)  (solid  line). 
Years  of  consumption  data  used  in  fitting  procedures:  (a)  0.29, 
(b)3.20. 
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Table  3.  Analysis  of  Schott  8436  Glass  Lamps'  Consumption  Data 
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apparent  when  Fig.  3,  which  displays  all  consumption  data  fits  to  both 
functional  forms,  is  reviewed.  The  lenee  region  in  the  Eq.  (5)  fit  has 
moved  out  to  between  10  -  40  *  10^  h  of  operation.  This  fit  would  indicate 
that,  only  after  about  5  *  10^  h  of  operation,  nearly  5  years,  does  the 
long-term  diffusive  process  become  significant.  At  times  less  than  this, 
consumption  is  dominated  by  the  reactive  component,  and  attempts  to  extract 
diffusive  parameters  are  not  successful.  In  Table  3,  we  see  that  the  D 
coefficient  is  only  about  6J  the  size  of  that  in  Table  2,  consistent  with 
the  apparently  slow  nature  of  the  reactive  process  for  this  glass. 

After  3  years  of  operation  of  the  Corning  1720  glass  lamps,  B  and  B' 
were  very  close  in  magnitude.  After  4.7  years  of  operation  of  the  Schott 
8436  lamps,  B  and  B'  are  still  quite  different.  While  B  continues  to 
decrease,  it  may  require  many  more  years  before  B  actually  matches  B'. 

This  is  important,  as  the  two  model  equations  yield  significantly  different 
relative  consumption  contributions  from  reactive  and  diffusive  processes. 

As  the  extremely  long-term  consumption  will  be  dominated  by  diffusion,  when 
the  merits  of  various  glass  types  are  compared,  it  is  desirable  to  have 
accurate  diffusive  parameters.  One  way  to  determine  the  relative 
contributions  of  diffusive  and  reactive  consumption  in  Schott  8436  glass  is 
to  perform  simple  chemical  analyses  on  the  lamp  envelopes.  As  we  believe 
the  reaction  product  resides  primarily  on  the  envelope's  inner  surface, 
washing  this  surface  with  water  and  comparing  the  Rb  content  of  the 
rinsings  with  the  Rb  remaining  in  the  glass  would  be  useful.  However,  we 
do  not  intend  to  do  this,  because  these  lamps  are  valuable  long-term  test 
subjects.  We  lean  toward  the  diffusive  coefficient  produced  by  Eq.  (5)  as 
most  representative  of  Schott  8436,  and  hence  feel,  considering  long-term 
Rb  consumption,  that  it  is  an  excellent  glass,  probably  superior  to  Corning 
1720. 
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Log  CRb  Consumption  in  Micrograms) 


Log  (Operating  Time  in  Hne) 


Fig.  3.  Most-Probable  Rubidium  Consumption  vs  Lamp  Operating  Time  for 
Schott  8436  Glass  Lamps  Based  on  the  Standard  Model,  Eq.  (1) 
(dashed  line),  and  the  Expanded  Model,  Eq.  (5)  (solid  line).  A 
total  of  1* . 57  years  of  consumption  data  were  used  in  fitting 
procedures. 
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V.  CONCLUSIONS 


We  have  observed  that  the  parameters  resulting  from  fitting  Rb 
consumption  data  to  the  standard  consumption  model  C  =  A  +  B  /T  often 
depend  upon  the  length  of  lamp  operating  time  spanned  by  the  data. 
Typically,  as  operating  time  increases,  the  value  of  A  increases,  while  the 
value  of  B  decreases.  This  dependence  is  attributed  to  a  nonconstant  A. 
When  A  is  modified  to  include  a  simple  time  dependence,  resulting  from 
first-order  chemical  reaction  kinetics,  { A (T )  =  A  * [ 1  -  exp(-DT)]},  the 
parameters  of  the  expanded  model  no  longer  display  this  sensitivity  to  the 
length  of  lamp  operation. 

The  underlying  importance  of  fitting  the  consumption  data  to  one  model 
or  another  is  the  reliability  ascribed  to  a  lamp  based  on  the  fit  used.  A 
consistent  consumption  prediction  enhances  the  respect  one  has  for  a 
particular  model.  On  the  other  hand,  one  can  argue  for  the  simpler  model, 
particularly  as  we  know  that  its  predictions  will,  in  general,  be  overly 
pessimistic.  Furthermore,  when  consumption  data  obtained  at  short 
operating  times  are  fit  to  the  expanded  model,  a  larger  standard  deviation 
is  associated  with  the  11-year  consumption  prediction.  This  translates 
into  an  insignificant  difference  in  the  11-year  consumption  number,  with  a 
90>  level  of  confidence.  It  is  clear,  from  Table  3,  that  the  expanded 
model  needs  more  data  than  the  simpler  model  to  make  consumption 
predictions  with  equal  precision.  This  is  because  data  must  be  fit  to  an 
equation  with  three  parameters  instead  of  Just  two.  Because  the 
consumption  predictions  from  the  expanded  model  are  so  consistent, 
regardless  of  the  additional  complications  of  fitting  to  an  equation  with 
three  parameters,  we  believe  that  the  expanded  model  makes  more  accurate 
consumption  predictions  that  are  based  on  a  more  physically  correct 
model.  Also,  we  feel  that  the  expanded  model  allows  more  accurate 
assessment  of  a  glass's  long-term  diffusive  behavior.  At  this  point, 
though,  we  don't  recomnend  discarding  the  standard  model.  Because  of  its 
simplicity  and  conservative  approach  to  lamp  reliability,  the  standard 
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model  remains  quite  attractive.  As  additional  long-term  consumption  data 
are  generated,  a  more  definitive  statement  will  be  possible. 
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LABORATORY  OPERATIONS 


The  Aeroepsce  Corporation  functions  as  an  "architect-engineer"  for 
national  security  projects,  specializing  In  advanced  military  space  systems. 
Providing  research  support,  the  corporation's  Laboratory  Operations  conducts 
experimental  and  theoretical  Investigations  that  focus  on  the  application  of 
scientific  and  technical  advances  to  such  systems.  Vital  to  the  success  of 
these  investigations  la  the  technical  staff's  wide-ranging  expertise  and  Its 
ability  to  stay  current  with  new  developments.  This  expertise  Is  enhanced  by 
a  research  program  aimed  at  dealing  with  the  many  problems  associated  with 
rapidly  evolving  space  systems.  Contributing  their  capabilities  to  the 
research  effort  are  these  Individual  laboratories: 

Aerophyslcs  Laboratory:  Launch  vehicle  and  reentry  fluid  mechanics,  heat 
transfer  and  flight  dynamics;  chemical  and  electric  propulsion,  propellant 
chemistry,  chemical  dynamics,  environmental  chemistry,  trace  detection; 
spacecraft  structural  mechanics,  contamination,  thermal  and  structural 
control;  high  tenperature  thermomechanics ,  gas  klnedcs  and  radiation;  cw  and 
pulsed  chemical  and  exclner  laser  development  Including  chemical  kinetics, 
spectroscopy,  optical  resonators,  beam  control,  atmospheric  propagation,  laser 
effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions, 
atmospheric  optics,  light  scattering,  state-specific  chemical  resctlons  and 
radiative  signatures  of  missile  plumes,  sensor  out -of -f leld-of -view  rejection, 
applied  laser  spectroscopy ,  laser  chemistry,  laser  optoelectronics,  solar  cell 
physics,  battery  electrochemistry,  space  vacuum  and  radiation  effects  on 
materials,  lubrication  and  surface  phenomena,  thermionic  emission,  photo¬ 
sensitive  materials  and  detectors,  atomic  frequency  standards,  and 
environmental  chemistry. 

Computer  Science  Laboratory:  Program  verification,  program  translation, 
performance-sensitive  system  design,  distributed  architectures  for  spaceborne 
computers,  fault-tolerant  computer  systems,  artificial  intelligence,  micro¬ 
electronics  applications,  communication  protocols,  and  computer  security. 

Electronics  Research  Laboratory:  Microelectronics,  solid-state  device 
physics,  compound  semiconductors,  radiation  hardening;  electro-optics,  quantum 
electronics,  solid-state  lasers,  optical  propagation  and  communications; 
microwave  semiconductor  devices,  mlcrowave/mllllmeter  wave  measurements, 
diagnostics  and  radlometry,  mlcrowave/mllllmeter  wave  thermionic  devices; 
atomic  time  and  frequency  standards;  antennas,  rf  systems,  electromagnetic 
propagation  phenomena,  space  communication  systems. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metals, 
alloys,  ceramics,  polymers  and  their  composites,  and  new  forma  of  carbon;  non¬ 
destructive  evaluation,  component  failure  analysis  snd  reliability;  fracture 
mechanics  and  stress  corrosion;  anslysls  and  evaluation  of  materials  at 
cryogenic  and  elevated  temperatures  as  well  as  In  space  and  enemy-induced 
environments. 

Space  Sciences  Laboratory:  Magnetospherlc,  auroral  and  cosmic  ray 
physics,  wave-particle  Interactions,  magnetospherlc  plasma  waves;  atmospheric 
and  Ionospheric  physics,  density  and  composition  of  the  upper  atmosphere, 
remote  sensing  using  atmospheric  radiation;  solar  physics,  Infrared  astronomy. 
Infrared  signature  analysis;  effects  of  solar  activity,  magnetic  storms  and 
nuclear  explosions  on  the  earth's  atmosphere,  Ionosphere  and  magnetosphere; 
effects  of  electromagnetic  and  particulate  radiations  on  space  systems;  space 
instrumentation. 


